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Abstrat
We investigate the nonlinear rheologial behavior of olloidal suspensions of Lapo-
nite, a syntheti lay, driven by a steady and homogeneous shear strain. We show
that the external drive leads to a drasti slowing down of the aging dynamis or even,
in some ases, in the rejuvenation of the system. Under shear, after a surprisingly
long time, the spontaneous aging proess observed at rest is suppressed. The system
then reahes a non-equilibrium stationary state, haraterised by a omplex visosity
depending on the applied shear rate. In addition, the glass exhibits a non-Newtonian
shear-thinning behavior. These rheologial behaviors onrm reent numerial and
theoretial preditions.
1 Introdution
Complex uids, suh as foams, emulsions, pastes and slurries, are known to exhibit a rih
phenomenology of nonlinear rheologial behaviors (Larson, 1999). In partiular, similar low
frequeny shear rheology is observed for a wide range of these soft materials (see Fielding et
al., 2000 for a review). For many of these materials, the stress response σ to a shear strain
of onstant rate γ˙ is desribed by σ = A + Bγ˙n that leads to a non-newtonian visosity
(Barnes et al., 1989). This ommon rheologial behavior was reently attributed to two
properties of these materials, strutural disorder and metastability, resulting in a glassy
dynamis, where thermal motion alone is not suient to ahieve omplete strutural
relaxation (Sollih et al., 1997; Sollih, 1998).
Due to long-range interations, it turns out to be a omplex task to predit the nonlin-
ear rheologial behavior, inluding a non-Newtonian visosity, on the basis of the struture
and interations in these systems. Numerial simulations have allowed to predit the re-
lationship between the material's mirostruture and its marosopi properties (Brady et
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al., 2000; Melrose et al., 1995; Melrose et al., 1999). Reently, a dierent approah to the
rheology of these soft glassy materials has been developed, starting from a model of a
glassy system instead of taking all the interations  inluding olloidal and hydrodynami
interations  into aount. Beause of both their pratial and fundamental interest, the
nonlinear rheology of suh soft glassy systems subjeted to an external drive has reently
attrated partiular attention. This was done either by extending approahes for the de-
sription of glassy dynamis (Sollih et al., 1997; Cugliandolo et al., 1997; Sollih, 1998;
Berthier et al., 2000; Barrat and Berthier, 2000; Fielding et al., 2000) or based on phe-
nomenologial approahes (Hébraud et al., 1998; Dére et al., 2001, Coussot et al., 2002).
The most interesting situation ours when the relaxation time sale of the system beomes
of the same order of magnitude as the time sale introdued by the shearing proess. This
usually happens in glassy systems beause the typial relaxation time grows together with
the waiting time tw, that is the time elapsed after a quenh from the liquid into the
glassy state.
At rest, the properties of glassy systems thus depend on the waiting time: the system
is said to age. Reent theoretial and numerial works, initially developped for superooled
liquids, have allowed for a rst detailed desription of the aging proess (Bouhaud et al.,
1996; Kob and Barrat, 1997). Glassy systems exhibit two modes of relaxation : a fast mode
orresponding to the fast motion of partiles in the 'ages' onstituted by their neighbors
and a slow mode of relaxation resulting from the strutural rearrangement of these 'ages'.
The strongest experimental evidene for the appliability of suh preditions (inluding
lassial mode-oupling approah) omes from olloidal glasses (Nelson and Allen, 1995;
Pusey and Van Megen, 1987; Bonn et al., 1999; Abou et al., 2001). Beause of the
experimental advantages they present ompared to strutural glasses, where there are two
oupled ontrol parameters, temperature and density, these olloidal glasses have been
studied extensively.
In this paper, we investigate experimentally the response of a olloidal glass of Laponite
to a steady shear strain of onstant rate. The experimental materials and methods are
desribed in Setion II. Setion III presents the rheologial experiments. We disuss our
experimental results and onlude in Setion IV.
2 Materials and methods
The experiments were performed on Laponite RD, a syntheti lay manufatured by
Laporte Industry. The hemial omposition of the lay is as follows : SiO2, 65.82%;
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MgO, 30.15%; Na2O, 3.20%; LiO2, 0.83% and orresponds to the hemial formula Si8.00
(Mg5.45Li0.40)H4O24Na0.75. The partiles of Laponite are olloidal disks of 25 nm diameter
and 1 nm thikness, with a negative surfae harge on both faes (Kroon et al., 1998).
The lay powder was mixed in ultra-pure water and NaCl at dierent lay onentrations
varying between 2% wt to 5% wt. The ioni strength of the suspension, denoted I, was
subsequently adjusted by dissolution of NaCl in water, in the range 10−4 < I < 8.10−3
M. The pH value of the suspensions was xed to pH = 10 by addition of NaOH, provid-
ing hemially stable partiles (Thompson and Butterworth, 1992; Mourhid and Levitz,
1998). The suspension was stirred vigorously during 15 minutes and then ltered through
a Millipore Millex - AA 0.8 µm lter unit. This preparation proedure allows us to obtain
a reproduible initial liquid state. The aging time tw = 0 of the suspension is dened as
the moment it passes through the lter. Within a time varying from a few minutes to
a few hours for the dierent onentrations and ioni strengths onsidered here, a three
order of magnitude inrease in the suspension visosity was observed. Being in a liquid
state right after preparation, the suspension beomes more and more visous and does not
ow anymore when tumbling the reipient. Sine the physial properties of the suspension
depend on the time elapsed sine preparation tw, the sample is said to age. The aging
dynamis an be haraterised by osillatory shear experiments in order not to disturb
the system. These measurements are performed using small osillations at a frequeny of
1 Hz at an imposed stress of 0.1 Pa. They yield G' and G, the elasti and loss moduli
respetively. The omplex visosity modulus η∗ an be alulated from these quantities
from η∗ = (G′2 + G′′2)1/2/ω. It an be observed that the visosity hanges very rapidly,
by 2 orders of magnitude over about 1 hour, as shown in Figure 1. Thus, suspensions
of Laponite beome strongly viso-elasti in time, even at low volume fration Φ in par-
tiles (of the order of Φ ≃ 0.01). The formation of a gel, evidened by the existene of
a fratal network, has been invoked in explaining the viso-elastiity (Pignon al., 1997;
Mourhid and Levitz, 1998). Reently, the struture and visosity of Laponite suspensions
at ioni strength I = 10−4 M were studied by using stati light sattering (Bonn et al.,
1999). Contrary to previous observations, no evidene for a fratal-like organisation of the
partiles ould be found, provided the suspensions were ltered. Therefore, it has been
proposed that Laponite suspensions form so-alled repulsive olloidal glasses, stabilised by
eletrostati repulsions. In suh systems, the ergodiity is lost due to bloking of partile
movements by the dense surrounding ages formed by their nearest neighbours. The ol-
loidal glass is obtained for very low volume fration Φ ≃ 0.01 ompared to those for usual
spherial olloids, for whih glasses are obtained above Φ ≃ 0.5 (Pusey and Van Megen,
1987). To aount for this dierene, one has to onsider the eetive volume fration of a
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Figure 1: Complex visosity as a funtion of the aging time tw for a Laponite suspension
at 1.5% wt, I = 7.10−3 M.
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Figure 2: Eet of the addition of NaCl on the driven aging dynamis : visosity as a
funtion of the aging time tw for Laponite suspensions at 1.5% wt, I = 5.10
−3
M (ross)
and I = 7.10−3 M (irles), by applying a onstant shear rate γ˙ = 500 s−1.
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partile, whih is done by adding to the partile radius the Debye length. To give an order
of magnitude, it is estimated to 30 nm for a ioni strength I = 10−4 M. Reent experi-
ments have shown that the loation of the glass transition line in the (volume fration /
eletrolyte onentration) phase diagram is onsistent with this assumption (Levitz et al.,
2000).
Addition of salt to a suspension of Laponite disks redues eletrostati repulsion and
an even lead to an attration. Reently, suh short-ranged attrative olloidal systems
have reeived renewed attention in terms of their dynami properties (Niolaï and Coard,
2001). When the strength of short-ranged attration beomes signiantly greater than
the thermal energy, the system an form a olloidal gel, in whih the partile motions
will be ompletely jammed even at very low bulk volume frations. The system behaves
nonergodi prior to omplete bloking of partile dynamis. Therefore, by varying the
strength and range of the attrative interations, a reentrant transition of the liquid glass
line and a glass-glass transition an be realized (Dawson et al., 2001).
In this paper, we present mainly experimental results obtained with suspensions of
Laponite at 1.5% wt, I = 7.10−3 M. Very similar results were obtained with suspensions
of Laponite at I = 10−4 M. For the ioni strength onsidered here, stati and dynami
light sattering experiments show that the suspensions form olloidal glasses (Bonn et al.,
1999).
3 Nonlinear rheology
Shear experiments were performed on a ontrolled stress rheometer that an also operate
in ontrolled strain mode (Rheologia StressTeh), using a Couette geometry or a vane
geometry with 1 mm gap in the range 50 < γ˙ < 500 s−1, and a Couette geometry with 1 /
8 mm gap in the range 500 < γ˙ < 2000 s−1. The tests were arried out at a temperature
of 20.0± 0.5oC. Evaporation of water or CO2 ontamination of the sample was ompletely
avoided by overing the sample with vaseline oil and a plate made of Plexiglas.
At tw = 0, the sample was exposed to a ontinuous shear strain with a onstant rate
γ˙ between 50 < γ˙ < 2000 s−1. The visosity of the suspension inreased slowly with
time and reahed a stationary value after some time, as shown in Figure 2. A variation of
the visosity of less than 1% per hour was hoosen as a riterion for the stationary state
to be reahed, as this is of the order of magnitude of our measurements preision. This
stationary state was obtained after very long times. To give an order of magnitude, for
a 4% wt suspension at ioni strengh I = 10−4 M, it was reahed in about 50 hours. By
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inreasing the partile onentration from 1.5% to 5%, we observed a slight derease in
the time to reah the stationary state. Upon inreasing the ioni strength, we were able
to reah the stationary state of the system faster, as shown in Figure 2 for a suspension at
1.5% wt, with two dierent ioni strengths.
In order to ompare the driven aging dynamis to the spontaneous one, we measured
the omplex visosity modulus of the suspension under shear. The experimental proedure
was the following : every 30 minutes, we stopped shearing for a very short time (typially
30 s) and performed osillatory shear experiments, at a frequeny of 1 Hz and at an
imposed stress of 0.15 Pa, leading to the elasti and loss moduli. This proedure allowed
us no to perturb the shearing proess. The omplex visosity moduli both for the system
that evolves spontaneously and for the system under shear are shown in Figure 3. As
the omplex visosity modulus an be taken as a measure of the age of the system, it
follows immediately that the aging dynamis under ow is very slow ompared to the
spontaneous aging dynamis : the omplex visosity modulus inrease is slower when the
system is submitted to an external drive. If the drive was suppressed one the stationary
state was attained, the spontaneous aging proess again took plae as was observed by
performing osillatory shear experiments : the omplex visosity modulus η∗ hanged very
rapidly, by 2 orders of magnitude over about 1 hour, in a similar way to what was observed
for the spontaneous aging proess.
Starting from dierent aging times tw, a ontinuous shear strain with the same onstant
rate was applied to the system : the same non-equilibrium stationary state is attained,
haraterized by very similar visosities. Figure 4 shows the rejuvenation and driven aging
proess under a shear rate γ˙ = 500 s−1, starting from dierent aging times. The steady-
state visosity thus appears to only depend on the applied shear rate. As the omplex
visosity an be taken as the measure of the age of the system, the orresponding age of
the stationary state appears to be power-dependent. When applying the external drive
to a suspension aged for a long enough time tw, the visosity dereased in time until the
system reahed its steady state. During this shearing experiment, we measured the omplex
visosity modulus using the same proedure as explained above. The omplex visosity
modulus and the dynami visosity are shown to evolve in the same diretion, they both
derease : so-alled rejuvenation of the suspension was observed. It is worth noting that,
even by shearing strongly the suspension during hours, in the range 50 < γ˙ < 2000 s−1,
the initial liquid state, obtained at tw = 0 as desribed in Setion II, was never reahed
again, the nal state being only determined by the rate of the applied shear strain.
The stationary visosities obtained for dierent values of the applied shear rate from
tw = 0 are shown in Figure 5. The larger the applied shear rate, the smaller the value of
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Figure 3: Comparison between the aging dynamis under shear (irle) and the spontaneous
one (square) for a Laponite suspension at 1.5% wt, I = 7.10−3 M: the measured omplex
visosity modulus varies slowly when the system is submitted to an external drive (γ˙ =
500 s−1) ompared to spontaneous aging.
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Figure 4: Aging dynamis under a shear strain with a onstant rate γ˙ = 500 s−1 in a
Laponite suspension (1.5% wt, I = 7.10−3 M). Starting from dierent aging times tw = 0
(triangle), tw = 20 min (ross), tw = 40 min (irle), the glass exhibits so-alled rejuvena-
tion (irle) and driven aging dynamis (ross and triangle). The stationary state reahed
only depends on the rate of the applied shear strain.
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Figure 5: Visosity as a funtion of the aging time tw for a Laponite suspension at 1.5%
wt, I = 7.10−3 M, for various applied shear rates 50 s−1, 100 s−1 and 500 s−1. The larger
the applied shear rate, the smaller the value of the stationary visosity and the faster to
reah it.
the stationary visosity and the faster we reah it. If we onsider the typial time neessary
to obtain the steady state as the time when the visosity varies less than 1%, we nd that
for the onstant respetive shear rates 50 s−1, 100 s−1 and 500 s−1, times are respetively
10 h, 5 h and 1 h. As a result, it roughly sales with 1/γ˙. By reporting the values of the
stationary visosity as a funtion of the applied shear rate, a shear-thinning behaviour was
observed as shown in Figure 6. It an be aurately haraterized by a power law η ∝ γ˙−α,
with α = 0.60± 0.10 for the dierent suspensions of Laponite onsidered here.
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Figure 6: Stationary visosity as a funtion of the applied shear rate for a suspension
at 1.5% wt, I = 7.10−3 M (square) and a suspension at 3.7% wt, I = 10−4 M (irle).
We observe a shear-thinning behaviour haraterized by a a power law η ∝ γ˙−α, with
α = 0.60± 0.10.
11
4 Disussion
From a theoretial point of view, a number of models have been introdued reently to
aount for the interplay between the drive and the relaxation of the system. Sollih
and o-wokers (1997) extended Bouhaud 's trap model (Bouhaud, 1992; Monthus and
Bouhaud, 1996) to driven systems, leading to the 'Soft Glassy Rheology' (SGR) model
(Sollih, 1998; Fielding et al, 2000). Other models that apture many of the observed rheo-
logial properties have been introdued (Hébraud et al., 1998; Dére et al., 2001, Coussot et
al., 2002). Cugliandolo et al. (1997) suggested an approah to non-equilibrium systems, in
whih the non-equilibrium state was generated by 'stirring' the system. Further theoretial
studies on driven mean-eld disordered systems and numerial studies on Lennard-Jones
glasses allowed for a detailed desription of the non-equilibrium behaviour, inluding rheo-
logial properties (Berthier et al., 2000; Barrat and Berthier, 2000). All these models were
shown to aount well for a number of rheologial behaviors in soft glassy materials. In
partiular, as a result of these theoretial preditions, it is expeted that if we injet power
into aging systems, there is the possibility of stabilizing the age of the system in a power
dependent level : the younger the larger the power input (Bouhaud et al., 1996; Horner,
1996; Sollih, 1998; Kurhan, 1999; Berthier et al., 2000; Dére et al., 2001). The power
injetion into the system derives from the applied shear rate. For a vanishingly small drive,
however, the slow mode relaxation time, assumed to be proportional to the visosity, again
diverges (Berthier et al., 2000).
These theoretial preditions are onrmed by the experimental results desribed above.
The driving fore ating on the system results in the suppression of the aging proess. The
larger the shear rate, the smaller the stationary visosity that means the younger the glassy
system, as the omplex visosity is known to inrease with time tw and an be therefore
taken as a measure of its age. One the drive is suppressed, the spontaneous aging proess
again takes plae. From our experimental results, it appears that the external drive leads
to a drasti slowing down of the spontaneous aging dynamis or, in some ases, in the
rejuvenation of the system. The ourene of rejuvenation or driven aging depends on
both the external drive power and the age of the system when applying the external
drive. This is ompletely onsistent with phenomenologial models in whih the nal
stationary state results from the ompetition between the spontaneous aging dynamis 
that strenghtens the interations between partiles and leads to less and less aessible
ongurations in phase spae as time evolves  and the mehanially indued rejuvenation
of the ongurations  proess going against the spontaneous aging and leading to its
slowing down. Coussot and o-workers (2002) have shown that, under imposed stress a
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bifuration in rheologial behavior ours: for small stresses, the visosity inreases in time:
the material eventually stops owing. For slightly larger stresses, the visosity dereases
ontinuously in time: the ow aelerates. Thus, the visosity jumps disontinuously to
innity at the ritial stress, implying also there is a range of shear rates for whih the
ow is unstable. Here, we work at suiently high imposed shear rates so that the ows
are stable; no shear banding is observed.
In the experiments, the typial time to reah the stationary state is surprisingly long.
Our experiments show that this typial time sales with 1/γ˙, result whih onrms theoret-
ial expetations and numerial simulations (Berthier et al., 2001). However, the prefator
of 1/γ˙ is of the order of 106 in a typial experiment and suggests that the applied shear
disrupts very large sale strutures. We observed that this typial time is of the same order
of magnitude than the time neessary for the spontaneous aging dynamis to slow down
dramatially. This fat strengthens the idea of a ompetition, between spontaneous aging
and the external drive. Furthermore, these steady-shear experiments disprove a ommon
idea on Laponite suspensions : when taking an old suspension, it is not suient to stir
the system during a few minutes in order to obtain the initial state at tw = 0, for the shear
strain rates onsidered here.
The shear rejuvenation was studied by using Diusive Wave Spetrosopy (DWS) in a
suspension of Laponite (Bonn et al., 2002). The shear rejuvenation was shown to have a
very large eet on the mirosopi dynamis. Upon inreasing the shear rate, the steady-
state relaxation time dereases. In the experiments reported in this paper, the omplex
visosity modulus assoiated to the stationary state was also shown to derease with the
applied shear rate. This is onsistent with the DWS experiments, where the measurements
allowed us to relate the mirosopi diusion dynamis to the marosopi visosity of the
system.
In the SGR model, the rheologial response of the system depends on the distane from
the glass transition temperature x. If we assume that we are in the immediate viinity
of the glass transition, x ≃ 1, the shear-thinning exponent found experimentally is in
reasonable agreement with the theory. Berthier et al. (2000) studied, within the framework
of the mean-eld (or mode-oupling) approximation, the inuene of an external drive on
a system undergoing a glass transition. Above the glass transition, for high enough shear
rates, the slow mode relaxation time tα of the system sales as tα ∝ γ˙
−2/3
. As the dynami
visosity η is assumed to be proportional to the slow mode relaxation time, the system has
therefore a shear-thinning behavior haraterized by the power law η ∝ γ˙−2/3. Very similar
results are obtained from moleular dynamis simulations, where the visosity is diretly
extrated from the applied shear rate (Barrat and Berthier, 2000; Yamamoto and Onuki,
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1998), with η ∝ γ˙−0.9 and η ∝ γ˙−0.8 respetively. The shear-thinning behavior observed
experimentally (an exponent between −0.5 and −0.7) is in fair agreement with the above
theoretial and numerial preditions.
In onlusion, we have studied experimentally the nonlinear rheologial behavior of
a glassy system under an external drive. Qualitatively, our experimental results onrm
all the ndings predited by the glassy models. They show the ompetition between the
external drive, leading to a mehanially indued rejuvenation of the ongurations, and
the aging dynamis, leading to a slowing down. Depending on the ompetitive antagonists,
driven aging or rejuvenation may be observed. In addition, the shear-thinning visosity
observed in our experiments agrees quantitatively with at least one simulation result. Sine
the value of the exponent depends on the exat model that is hosen, the dierenes with
the model alulations may not be very important. The key result is that non-equilibrium
models for glassy systems are able to predit a non-Newtonian behavior without taking
into aount the spei interations between partiles.
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